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Abstract 
This study explored the dynamic performance of an innovative Hybrid Composite Floor Plate 
System (HCFPS), composed of Polyurethane (PU) core, outer layers of Glass-fibre 
Reinforced Cement (GRC) and steel laminates at tensile regions, using experimental testing 
and Finite Element (FE) modelling. Experimental testing included heel impact and walking 
tests for 3200 mm span HCFPS panels. FE models of the HCFPS were developed using the 
FE program ABAQUS and validated with experimental results. HCFPS is a light-weight high 
frequency floor system with excellent damping ratio of 5% (bare floor) due to the central PU 
core. Parametric studies were conducted using the validated FE models to investigate the 
dynamic response of the HCFPS and to identify characteristics that influence acceleration 
response under human induced vibration in service. This vibration performance was 
compared with recommended acceptable perceptibility limits. The findings of this study show 
that HCFPS can be used in residential and office buildings as a light-weight floor system, 
which does not exceed the perceptible thresholds due to human induced vibrations.  
Keywords: Hybrid Composite Floor Plate System, Experimental testing, Finite Element modelling, 
Human-induced loads, Vibration, Dynamic performance.  
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1. Introduction  
Advancements in material technology have provided the potential for the development of an 
innovative and novel Hybrid Composite Floor Plate System (HCFPS) with many desirable 
properties being light-weight, easy to construct, economical, demountable, recyclable and 
reusable.  Component materials of HCFPS include a central Polyurethane (PU) core, outer 
layers of Glass-fibre Reinforced Cement (GRC) and steel laminates at tensile regions. GRC is 
a fiber-reinforced composite material, comprised of alkali-resistant glass fiber, cement and 
sand as the major constituents [1, 2]. PU is a common light-weight foam core material, which 
has been extensively utilized in sandwich construction [2-5]. The proposed HCFPS is 
assembled using component materials as shown in the Fig. 1. The width of the HCFPS is 
limited to 2 m to suit prefabrication and transportation requirements but adjacent panels are 
connected together using the slab joint shown in Fig. 1. Span of the HCFPS can be varied by 
changing the material properties and sectional configuration. A cold-formed thin perforated 
steel laminate is placed at the bottom of the beam to improve tensile strength. To enhance the 
support bearing capacity of the panel, the PU core is replaced with a GRC fill in the vicinity 
of the supports, as shown in Fig. 1.  A low mass PU core at the centre results in a light-weight 
structure. As a consequence of the proposed configuration, HCFPS is an easy to construct and 
economical floor system. Moreover, the light-weight property of this floor plate results in 
reduced load on the supporting beams and columns. Thereby, sizes of gravity load bearing 
members can be reduced, yielding economical advantages. HCFPS can also be easily 
demounted at the cessation of use. Furthermore, reuse or disposal of component materials of 
HCFPS is more convenient compared to other conventional structural materials, thereby 
lessening environmental impact.  Additionally, PU can be successfully recycled into a variety 
of forms with more usable formats [6]. The GRC has lower embodied energy and can be 
recycled easier than reinforced concrete [7]. Steel laminate of HCFPS can also be reused. 
Therefore, HCFPS offers multifunctional structural properties, making it a viable alternative 
for conventional floor systems.  
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Fig. 1. Formulation of HCFPS floor panel  
2. Aims, scope and significance of the study and its novelty 
A comprehensive research program was carried out to develop HCFPS as a lightweight floor 
plate system that can be used in residential and office floors. The static performance 
characteristics have been reported in another publication [11] in which the authors 
demonstrated the feasibility and the method of developing HCFPS by combining the positive 
inherent properties of individual component materials to achieve optimum performance [8-
10]. Static performance of HCFPS was investigated using experimental testing and Finite 
Element (FE) modelling [11]. Parametric studies were conducted with sectional 
configuration, material properties and span lengths (3 to 7.5 m) as the variable parameters 
[10]. These studies showed that HCFPS can be used for floor structures in commercial and 
residential buildings to meet static performance requirements. Although HCFPS has been 
designed to satisfy static performance requirements, dynamic performance under human 
induced loads must also be investigated.  
Under human induces loads, this floor system can exhibit excessive vibration as a 
consequence of being lightweight. This paper will investigate the dynamic performance of 
HCFPS under human induced loads and check whether it complies with the established 
comfort and serviceability criteria for human perception given in [12-14]. Currently available 
methods [13, 15] for evaluating the dynamic performance of floor plates are applicable only 
to those using conventional materials such as composite concrete and steel. They cannot be 
directly used to evaluate the dynamic performance of the newly developed HCFPS which 
consists of non-conventional materials. In this paper, the dynamic performance of HCFPS is 
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therefore evaluated using experimental testing and FE modelling to verify its applicability in 
residential and office floors, and hence to develop design guidelines.  From the results of the 
present study it was evident that (i) HCFPS exhibits a high first mode natural frequency and 
hence resonance with human loads will be a rarity, (ii) it has excellent damping properties 
and (iii) it does not exceed the perceptible thresholds when subjected to human induced 
walking loads. 
3. Experimental testing  
Heel impact and walking test were conducted on 3200 mm span HCFPS panels. Heel impact 
tests have been successfully demonstrated in the literature, to obtain vibration characteristics 
of the floor panels [16, 17]. Acceleration response obtained from the heel impact tests were 
used to determine the dynamic characteristics of HCFPS test panels. Walking tests were 
conducted on the HCFPS test panels to investigate the vibration pattern under human induced 
loads. 
3.1 Test panel configuration 
Three HCFPS test panels were cast and section configuration and span of test panels are 
shown in Fig. 2. The PU core was replaced with a 100 mm GRC in the vicinity of the 
supports to enhance the support bearing capacity of test panel (refer to Fig. 2). Casting 
procedure of the HCFPS test panel is described in [11]. Experimental test results of this 
HCFPS test panel with a single beam was used to validate the FE models. The validated FE 
model was extended to investigate the overall dynamic behaviour of proposed HCFPS 
configuration with two beams (refer to Fig. 1) and building floor plate systems comprising 
HCFPS panels. 
 
(a)  Section dimensions  
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(b) GRC fill replacing PU core near supports 
Fig. 2. 3200 mm span HCFPS test panel configuration [11]  
3.2 Test setup and procedure 
Test set up and data acquisition system are shown in Fig. 3 and supporting arrangement of the 
test panel is shown in Fig. 4. Steel plates, 10 mm thick and 100 mm wide, were placed under 
the slab and beam at the supports to distribute the loads uniformly. The steel plates were 
supported by solid circular steel bars and adjustable jacks were used to support the steel bars 
under the slab, also seen in Fig. 4.  
An average person (70 kg) was asked to stand at the mid span of test panel and to raise their 
heels approximately 50 mm and produce a sudden heel impact  [16]. A 5g accelerometer and 
25 mm LVDT were used to acquire acceleration and deflection data at mid span.  Data was 
acquired for a 3 second period at a rate of 2049 samples per second. 
Walking tests were conducted for the all three HCFPS test panels to obtain their acceleration 
response at the mid span. An average weight person walked along the test panel at an average 
speed. In general, average frequency of walking is 2 Hz, and therefore, average walking  
speed  is calculated as 1.5 m/s (stride length is 750 mm) [13].  In the present case it took 
approximately 2.2 seconds to walk along the 3200 mm span test panel, giving an approximate 
walking speed of 1.5 m/s. Acceleration data at the mid span was acquired for a 3 second 
period at a rate of 2049  samples per second using a 5g accelerometer. 
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Fig. 3.  Dynamic testing set up 
 
Fig. 4. Test panel supporting arrangement 
4. 0  Experimental Results 
4.1Heel impact test results 
A typical acceleration response of the 5 g accelerometer at mid span for HCFPS test panel is 
presented in Fig. 5 As acceleration responses were similar for all test panels, only a typical 
representative acceleration response is presented. Displacement time histories at the mid span 
were also similar for each panel and a typical displacement-time history plot is shown in Fig. 
6. Damping coefficient and first mode natural frequency of the test panels were calculated by 
using the heel impact test results.  
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Fig. 5. A typical heel impact acceleration response at mid span  
 
Fig. 6. A typical heel impact displacement response at mid span  
 
4.2 Damping of HCFPS test panels 
Time-acceleration plot data was used to calculate the damping coefficient (ς), which is “log 
decrement damping” as demonstrated by Ellis [18] in Eq. 1. In this context, first four 
successive peaks were used to estimate the damping. Murray [19] stated that modal damping 
or true damping is one-half to two-thirds of the value of the log decrement damping. Table 1 
shows the damping ratios for each panel and average true damping ratio can be taken as 5% 
for HCFPS test panels.  
n
o
e A
A
n
log
2
1
                                                      (1) 
8 
 
In the above equation A0 and An are the amplitudes of “n” successive peaks of the 
acceleration-time response plot. 
Table 1 
Damping ratios for the HCFPS test panels 
 
 
4.3 First mode natural frequency of HCFPS test panels 
The first mode natural frequency of the test floor panels was calculated by performing a Fast 
Fourier Transformation (FFT) analysis for the acceleration plots [16, 20, 21] and then 
obtaining a  Power Spectrum (refer to Fig. 7).  These were conducted for all the acceleration 
responses and the average first mode natural frequency was obtained as 22.8 Hz as shown in 
the Table 2.   
 
Fig. 7.  FFT analysis of a typical acceleration response (shown in Fig. 5)  
Table 2 
Experimental first mode natural frequency of HCFPS panels 
Panel Log decrement  damping   Average 
True 
damping 
 
Panel 1 
 
 
Panel 2 
 
 
Panel 3 
 
Test 1 
Test 2 
Test 3 
Test 1 
Test 2 
Test 3 
Test 1 
Test 2 
Test 3 
10.48 % 
10.10 % 
10.05 % 
10.04 % 
10.10 % 
  9.80 % 
10.25 % 
10.35 % 
10.60 % 
 
10.20 % 
 
 
  9.98 % 
 
 
10.40 % 
 
5.10 % 
 
 
4.99 % 
 
 
5.20 % 
Panel First mode natural frequency (Hz) Average 
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4.4 Walking test results    
Acceleration responses obtained from the walking test were similar for all three test panels. 
Hence, only a typical representative acceleration response of the 5 g accelerometer at mid 
span for HCFPS test panel is presented in Fig. 8.   
 
Fig. 8. Typical acceleration response at the mid span for walking test 
 
5. Implication of test results and discussion 
First mode natural frequency of the test panel was estimated as 22.8 Hz, and this can be 
verified using an analytical method as follows. The first mode natural frequency of a beam 
can be determined by a simplified analytical method (refer to Eq. 2) suggested in [13]. An 
equivalent beam section for the HCFPS was determined using the flexural rigidity (EI 
=6.76×10^11 Nmm2) of the HCFPS section [11]. HCFPS test panels were weighed and the 
average weight was recorded as 202 kg. These parameters were substituted in to Eq. 2 to 
obtain the first mode natural frequency as 24.74 Hz. In this equation, EI is flexural rigidity of 
the member, m is the effective mass (for a simply supported beam 50% of the total mass) and 
L is the span. The analytical first mode natural frequency varies by only 8.5% from the 
experimentally obtained value of 22.8 Hz. From Eq. 2, the parameters that influence the first 
mode natural frequency of the HCFPS can be identified as the flexural rigidity and the self-
weight. Flexural rigidity of the HCFPS panel is similar to that of conventional floor systems 
Panel 1 
Panel 2 
Panel 3 
22.91 
22.83 
22.66 
  
22.8 Hz 
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[11], but the self-weight of HCFPS panel is lower. The self weight of a 3.2m span, 1m wide 
conventional steel-deck composite floor system is 793kg [16, 22] while the self weight of the 
same sized HCFPS panel is 202 kg. The first mode natural frequency of HCFPS floors is 
therefore higher due to its lighter weight.  
31 2 mL
EIf                                                                                                                             (2) 
Acceleration response of the HCFPS at mid-span obtained from the walking test (refer to Fig. 
8), exhibits impulsive behaviour (high frequency floor response) and response decays with 
time before the next step.  In high frequency floors, the transient response is more significant 
than the steady state response. In these floors, resonance will not normally occur due to the 
difference between the natural and excitation frequencies, and hence the applied forces 
behave like a series of impulses [13]. 
Damping ratio of the HCFPS was 5% (bare floor), and this value is greater than the damping 
values of conventional floor structures, such as concrete and steel-deck composite floor 
systems (damping ratio -1.5 to 2 %) [16, 22-24]. This higher damping was achieved due to 
the presence of the PU which has better damping characteristics [25]. The HCFPS test panel 
exhibited a linear load-deflection response up to 10 mm central deflection during the static 
loading test and the serviceability deflection limit of span /360 limit was 8.30 mm [11]. The 
peak displacement at the mid span due to the heel impact was 0.9 mm (refer to Fig. 6) thus, 
dynamic deflection amplification due to heel impact was small and did not exceed 
serviceability deflection limit.  
Experimental test results of the HCFPS were used to validate the FE models which were used 
to study parametric variations and vibration response under human induced walking loads. 
6. FE model development and validation using dynamic test results  - now 5? 
The commercially available FE program ABAQUS 6.9-1 [26] was used with ABAQUS CAE 
as the pre- and post-processor for the FE simulations. The authors have demonstrated in [11] 
the excellent validation of the FE model for the load-deflection response under static loading. 
In the present study, FE model for the HCFPS test panel is developed to conduct free 
vibration analysis and to simulate heel impact and walking tests. 
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6.1 Material properties for dynamic analysis 
Dynamic analysis of FE models of the HCFPS was conducted using linear elastic properties 
of the component materials. A comprehensive material testing program was conducted and 
details are presented in [11]. Material responded within elastic limits for free vibration and 
human induced vibration analysis [13] and hence the following properties listed in Table 3 
were used in the analysis.  
Table 3 
Component material properties for the dynamic analysis [11] 
 Properties PU  GRC Steel 
Elastic Modulus (Mpa) 
Poisons ratio (ν) 
Density (kg/m3) 
22.4 
0.30 
100 
5000 
0.24 
1983 
210,000 
0.30 
7800 
6.2 Model description 
HCFPS test panel was modelled using ABAQUS, as shown in Fig. 9. 10 mm thick and 100 
mm wide steel plates were modelled under the HCFPS panel (refer to Fig. 9a) in order to 
simulate the experimental conditions, at the support of HCFPS. Translations in X, Y and Z 
directions and rotations in Y and Z directions were restrained at one end whilst translations in 
X and Y directions and rotations in Z and Y directions were restrained at the other end (refer 
to Fig. 9) in order to simulate the restraint from the steel bars (used in the tests).  
 
 
(a) Support  
 
(b) Mesh 
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Fig. 9.  FE model for HCFPS test panel 
C3D8R eight node liner brick elements were used in the FE model for all parts along with 
reduced integration and hourglass control [27]. Convergence study was conducted to select 
the optimum mesh size for the FE model. Maximum element size according to that study was 
25 mm, and FE mesh is shown in Fig. 9b. 
6.3. Free vibration analysis and validation with first mode natural frequency  
Free vibration analysis of the model described above was conducted and the first and second 
mode natural frequencies were obtained as 23.64 Hz and 27.66 Hz respectively. Mode shape 
for the first natural frequency is shown in Fig. 10, which is the bending mode of HCFPS 
panel. Table 4 presents the first mode natural frequencies obtained experimentally, 
analytically and from FE analysis. The difference in the first mode natural frequency obtained 
from the FE analysis and experimental testing is only 0.84 Hz ( or 3%).  
 
Fig. 10.  Mode shape for the first natural frequency 
 
 
 
Table 4 
 Validation of first mode natural frequency  
 
First mode natural frequency 
(Hz) 
Experimental - Avegrage  
Analytical method 
FE results 
22.80 
24.74 
23.64 
   
6.4. Heel impact load function 
Applied heel impact load of the HCFPS test panel was simulated in the FE model and 
transient dynamic analysis was carried out to obtain the acceleration response. Murray [28] 
suggested a triangular load function to simulate the load due to a heel impact test by an 
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average weight person. Load function is a 2670 N initial load that linearly decreases to zero 
over a period of 0.05 seconds, which represents an impulse of 67 Ns [28]. This method was 
used successfully to validate a FE model for the acceleration response of a heel drop test 
performed on a post-tensioned concrete slab [17]. The suggested load function was applied to 
the FE model of HCFPS test specimen as shown in Fig. 11 and represents a typical heel 
impact test of the panel. The corresponding acceleration response of the HCFPS is shown in 
Fig. 5.  
 
Fig. 11.  Heel impact load function 
6.5. Application of damping to FE models  
The true damping ratio (ζ) obtained experimentally as 5% is used in the FE model for the 
transient dynamic analysis. Clough et al. [29] defined the damping in transient dynamic 
analysis problems using an explicit damping matrix, by incorporating the damping ratio. 
Damping matrix is assumed to be a combination of mass proportional damping (α) and the 
stiffness proportional damping (β), known as Reyleigh proportional damping method [29]. 
This method has been previously used [16] to incorporate damping in floor models. It can be 
assumed that the variation of damping ratios for first two natural frequencies is negligible and 
(ζ1= ζ2= ζ) [16, 29]. Hence, α and β can be calculated using Eqn. 3 [16, 29] by substituting ζ 
and first two natural frequencies f1=23.64 Hz and f2=27.66 Hz as 1.245 and 0.002 
respectively. 
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6.6. Dynamic analysis validation with acceleration response 
Heel impact load function described above was applied with Raleigh damping to obtain 
acceleration response of the FE model. "Modal Dynamic" analysis procedure available in 
ABAQUS [26] was used to conduct linear transient modal dynamic analysis.  Acceleration 
obtained from the FE analysis was compared with experimental response as shown in Fig. 12. 
This demonstrates excellent validation, as peak acceleration values and durations of the 
response decay obtained from the FE analysis agree well with those from the experiments.  
 
 
 
 
 
 
(a) FE acceleration time history 
(b) Heel impact acceleration time history 
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Fig. 12. Computed and measured acceleration responses 
6.7. Walking response of HCFPS test panel   
Walking of a person along the HCFPS test panel was simulated using FE techniques. Pan et 
al. [30] suggested a method to model a single person’s walking steps by using point loads. 
Distance between successive strides was calculated using the pacing frequency. Hence, 
footfall interval is 0.5 s for a pacing frequency of 2 Hz and thus gives a stride length of 750 
mm [31, 32]. Average point load applied on a floor due to a single step at an average walking 
speed (2 Hz) is 616 N [31, 32].  This load model was applied to the FE model of HCFPS  
with damping data as described in section 4.5. By conducting transient dynamic analysis, 
acceleration response was obtained as shown in Fig. 13. It is evident that the acceleration 
response obtained from FE analysis is similar to the experimental walking response shown in 
Fig. 8.  
 
 Fig.13. Computed acceleration responses at mid span for single person walking  
The FE models validated in this study will be used to carry out further parametric studies on 
the dynamic response characteristics of the HCFPS panels.   
7. Parametric studies of HCFPS panels 
Previous studies [10, 11]  demonstrated that HCFPS panels can be used in floor construction 
to satisfy the static performance requirements, such as deflection limits and shear and flexural 
strength capacities. The present parametric studies using experimentally validated FE models. 
will compare the dynamic performance of HCFPS under human induced loads for vibration 
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performance with acceptable perceptibility limits  [12-14] in commercial and residential 
buildings  
7.1. Structural configuration  
Sectional configuration, material properties and span lengths (3 to 7.5 m) used in previous 
studies, satisfied static performance requirements [10, 11].  Dead and imposed loads for the 
design complied with AS 1170 [33] for commercial and residential floors. Flexural stress and 
shear stress at the ultimate loading were within the individual capacities of materials [10, 11].  
Based on the outcome of the static performance study [10] rectangular beam sections have 
been selected for detailed analysis. Three section configurations (A, B and C type sections) 
for the representative spans were selected to investigate the dynamic performance. Spans and 
section configuration parameters are shown in Fig. 14 and Table 5. Material properties that 
were determined to suit the static performance requirements  for these sections are listed in 
Table 6.  
 
Fig. 14. Sectional configuration parameters  
Table 5 
Spans and section dimensions 
Section Type Span (m) 
a 
(mm) 
d 
(mm)
h 
(mm)
A 
B 
C 
3.0 
5.0 
7.5 
100 
150 
200 
60 
80 
80 
200 
350 
450 
 
Table 6 
Material properties   
Properties PU GRC Steel 
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Density (kg/m3) 
E (Mpa) 
Poisons ratio  
100 
22.4 
0.3 
1900 
10,000 
0.24 
7800 
210,000 
0.3 
 
7.2. FE modeling 
HCFPS floor can be represented schematically as shown in Fig. 15 and a typical FE model of 
single HCFPS panel used in the dynamic analysis is shown in Fig. 16. Boundary conditions 
of the FE model were selected to simulate connections to the steel beams and adjacent slabs. 
Translations along the Z and X directions and rotations about the Z axis were restrained at 
slab joint connections. Translations along the X, Y and Z were restrained at end supports 
(refer to Fig. 16). FE modelling of the selected sections was conducted as described in section 
4.2. 
 
Fig. 15. HCFPS floor plate with steel frame  
 
Fig. 16. FE model of HCFPS panel 
7.3. Mathematical load model for human induced loads 
Continuous walking is the worst possible loading scenario that can be used in design studies 
[13].  A mathematical load model to simulate continuous human induced load F(t) [12] is 
given in Eq (4) and used to excite the FE models. Two loading cases were considered as one 
person walking (Q=745 N [13]) and group of people walking (Q= 0.75 KPa). Three types of 
walking were studied as listed in Table 7.  
18 
 
   kn npn tnfQtF 1 )2sin(1)(                                                                                     (4)    
In the above Eq., F(t) is the dynamic force, Q is the static weight of the participating person,  
 n is the Fourier coefficient corresponding to nth harmonic, fp is the pacing frequency, t is the 
time and n  is the phase angle of the nth harmonic, n is the integer designating harmonic of 
the fundamental and k  is the number of harmonics that characterise the forcing function in 
the frequency range of interest. Phase shift of 900 for each harmonics was used [12]. The 
numerical values of the first four Fourier coefficients used to model the human walking load 
are listed in Table 7.  
 
 
 Table 7 
Parameters for the load model[12] 
Mode of  
walking 
fp (Hz) 
Numerical coefficient for 1st four 
harmonics  
 1  2  3  4 
Slow Walk 
Normal Walk 
Fast Walk 
1.7  
2.0 
2.4 
0.26 
0.37 
0.52 
0.1 
0.1 
0.1 
0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
 
7.4. Mass of the HCFPS  
The dynamic performance of office and residential floors should be investigated using a floor 
mass that represents actual service loads [13]. The floor mass should be equivalent to the 
summation of self-weight of floor plate and super imposed dead loads due to finishes, ceiling, 
services and partitions. 10% of the nominal imposed loads (1.5 kPa for residential and 3.0 
kPa for office floors) can also be added as permanent loads  [13]. Super imposed dead loads, 
which gives a total of 1.0 kPa are summarised in Table 8 [33]. This value could be increased 
up to 2.0 kPa in residential buildings due to higher density of partition walls and heavier floor 
finishes. In the present study, a uniform super imposed dead load of 1.0 kPa was used in the 
dynamic analysis of HCFPS floors. 
Table 8  
Super imposed permanent dead loads for a office floor  
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Type of loading Load, kPa 
Floor finishes acoucstic insulation + 
cladding 
Suspended ceiling 
Suspended services 
Light weight partition, furniture and 
equipments 
Fire protection  
0.25 
 
0.10 
0.15 
0.35 
 
0.15 
7.5. Damping 
Damping ratio of concrete and steel-deck composite bare floor systems are in the range of 1.5 
to 2 % [16, 22-24]. Damping ratio of conventional floors with finishes and partitions is in the 
range of  4.5% - 6% [19, 34]. There is approximately 2 to 4% increase in damping ratio due 
to the finishes and partition in floor structures. True damping level of 5% has been evaluated 
from experimental testing of HCFPS test panel. Vibration responses of HCFPS floors were 
comparatively studied using 3% and 5% damping ratios in the parametric studies.  Damping 
was incorporated into the FF models as explained in section 4.5.  
7.6. Material properties 
Optimum material properties of GRC and steel were determined for the A, B and C type 
sections to achieve acceptable stiffness, flexural and shear capacities in static performance 
investigation [10, 11]. Properties of GRC and steel were not changed for the present 
parametric study and were the same as those obtained for the static performance requirements 
(Table 6). Properties of PU in have negligible effect on the structural capacity of HCFPS 
section [10, 11]. Elastic modulus of PU changes with density [35] and properties of PU as 
listed in Table 9 are well established and used in construction applications [3, 36, 37]. 
Table 9 
Properties of PU 
Properties PU 
Density (kg/m3) 
E (Mpa) 
Poisons ratio  
100 
22.4 
0.3 
200 
76.1 
0.3 
300 
151.6 
0.3 
7.7. FE analysis 
Parameters as described above were varied in the FE model of A, B and C type HCFPS 
sections. Free vibration analysis was conducted to obtain the modal frequencies. Transient 
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dynamic analysis was performed using continuous walking loads to obtain the acceleration 
response. 
7.8. Results from parametric study and discussion   
A, B and C types HCFPS floors can be categorised as high frequency floors as all panels 
exhibited high first mode natural frequency (f1). Change in PU properties affected marginally 
on f1 and average values were estimated at 40 Hz, 28 Hz and 17 Hz for A, B and C type 
sections respectively. Acceleration responses due to a single person walking and due to a 
dynamic distributed load, which represents a group of people, were observed to be similar.  
This kind of behaviour is supported by published findings from previous studies [38]. 
Walking path was changed to different positions on the slab, but there was no significant 
change in the acceleration response. For all walking positions, the highest acceleration 
response was observed at the mid span of HCFPS section, and this was used for subsequent 
vibration assessments. 
Response of a floor structure is evaluated in terms peak acceleration and Root-Mean Square 
(RMS) acceleration (arms). Peak acceleration is the highest value of acceleration resulting 
from an excitation but it does not provide a measure of the duration of the response. In 
contrast, RMS acceleration is an average measurement of the acceleration time-history, as 
shown in the Eq. (5).  Smith et al. [13] stated that sharp peaks of acceleration are less 
significant with  lower (arms). T is the period under consideration in Eq. (5) and (T= 1 
second) was used as suggested by Smith et al [13]. This covers at least one complete cycle of 
acceleration due to walking activities with an average frequency of 2 Hz (T= 0.5s) [13]. 
Acceleration response was obtained from the FE analysis and arms was calculated using Eq. 
(5). All three HCFPS panels were high frequency floors and thus arms	 acceleration must be 
frequency weighted using a factor of  8/f1 for such floors to obtain the frequency weighted 
RMS acceleration (aw,rms) according to [12, 13]. Variation of aw,rms values of A, B and C 
sections with change in parameters are shown in Fig. 17, 18, 19.   

T
rms dttaT
a
0
2)(1                                                                                                                   (5) 
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Fig. 17. RMS acceleration for section type A, and 3 m span 
 
Fig. 18. RMS acceleration for section type B, and 5 m span 
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Fig. 19. RMS acceleration for section type C, and 7.5 m span 
aw,rms values vary in a similar pattern with change in forcing frequency, damping ratio and 
PU density for A, B and C HCFPS sections according to Fig. 17, 18, 19.  The lowest aw,rms 
can be seen for slower walking and the highest aw,rms is seen for fast walking. aw,rms changed 
marginally due to the increase in properties of PU core. aw,rms and it decreased by 
approximately 50 %  when the damping ratio changed from 3 % to 5%. 
RMS acceleration values were estimated using the continuous loading model described in 
section 5.3. For assessing the effect of vibration, a cumulative measure of the vibration 
response for intermittent activities is more reliable and needs to be used for determining 
perceptible levels. ISO 10137 [12] and BS 6472 [14] provide perceptive tolerance levels for 
the intermittent vibrations using the Vibration Dose Value (VDV ) which can be calculated 
using Eq. 6, in which  aw is the frequency weighted acceleration and T is the total duration of 
the vibration [14].  
  410 4)( T w dttaVDV                                                                                                               (6) 
Ellis [39] suggested an alternate procedure, as given in Eq. 7 to calculate VDV values of  a 
walking activity by using the aw,rms in the design stage of floors and this was used in the 
present study. In Eq.7, na is the number of times the activity will take place in the exposure 
period and Ta is the duration of an activity (time taken to walk along the floor)  
4
,68.0 aarmsw TnaVDV                                                                                                             (7) 
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The aw,rms was estimated using sinusoidal continuous loading. This aw,rms can be considered 
as a more accurate representation of vibration induced by human action to calculate the VDV. 
Maximum aw,rms acceleration and VDV values for 5 % damping, under forcing frequencies of 
2.4 Hz and 2.0 Hz (and PU density of 100 kg/m3) are presented in Table 10. Ta values for 
each span were estimated using a walking speed of 1.5 m/s for fp= 2 Hz, and 2.5 m/s for fp= 
2.4 Hz) [13]. Acceptable thresholds of  VDV values are provided in BS 6472 [14] for the 
"low probability of adverse comment" as 0.4 m/s1.75 for a 16 hour day and 0.13 m/s1.75 for an 
8 hour night for buildings in service. The number of activities (na) that need to be performed 
to reach the acceptable thresholds of VDV were estimated as shown in Table 10. A single 
walking activity every minute in an office or residential floor during the day is an unlikely 
occurrence. Walking activities are minimal during night time in residential floors. The 
calculated na values in Table 10 are therefore unlikely to occur in residential and office floors 
and hence HCFPS floors will not exceed the threshold VDV values. VDV analysis considers 
the probability of a number of occurrences of vibration induced activities and provides a 
reliable estimate of the response based on the parameter na.  
 
 
 
Table 10  
Minimum number of activities required generates lower probability adverse comment 
Section type  fp (Hz) Ta (s) a w,rms (ms-2) VDV (ms-1.75)  na 
A (Span 3.0m) 
 
 
 
B (Span 5.0m) 
 
 
 
C (Span 7.5m) 
 
 
 
2.4 
 
2.0 
 
2.4 
 
2.0 
 
2.4 
 
2.0 
 
1.2 
 
2 
 
2 
 
3.3 
 
3 
 
5 
 
0.038 
 
0.028 
 
0.05 
 
0.045 
 
0.055 
 
0.048 
 
0.4 (16 h day) 
0.13 (8 h night) 
0.4 (16 h day) 
0.13 (8 h night) 
0.4 (16 h day) 
0.13 (8 h night) 
0.4 (16 h day) 
0.13 (8 h night) 
0.4 (16 h day) 
0.13 (8 h night) 
0.4 (16 h day) 
0.13 (8 h night) 
47,850 (50 per min) 
533 
97,396 (100 per min) 
1086 (1 per min) 
9,578 (10 per min) 
107 
8,795 (9 per min) 
97 
7, 518 (8 per min) 
83 
4,510 (5 per min) 
50 
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8. Conclusions 
A comprehensive research project was undertaken to develop an innovative HCFPS 
composed of PU, GRC and steel laminate. The work presented in this paper is an integral part 
of the comprehensive research program and investigated the dynamic performance 
characteristics of the HCFPS using experimental testing and FE modeling. Heel impact tests 
and walking tests were carried out using 3200 mm span HCFPS test panels.  FE models were 
created using ABAQUS and validated against experimental results. Parametric studies were 
carried out using the validated FE models. The main findings of this paper are as follows:  
The first mode natural frequency of HCFPS floor system is greater than 10 Hz and hence 
HCFPS can be categorised as a high frequency floor system. The maximum possible fourth 
harmonic of the walking frequency (2.4 Hz) is lower than the first mode natural frequency 
[13] and this makes resonant vibration a rarity.  
HCFPS is a light-weight high frequency floor system with better than normal vibration 
damping characteristics. This light weight floor system will hence provide significant 
economic benefits in the design of the supporting system and will have favourable response 
under seismic loads.   
Its excellent damping ratio of 5% is considered conservative based on experimental tests on 
the bare HCFPS test panels. In practical applications, HCFPS floors will have superimposed 
dead loads higher than 1.0 kPa and based on existing studies a damping ratio of 5 % is 
feasible due to partitions, suspended services and floor finishes. Light-weight HCFPS floor 
systems can therefore be effectively designed for use in office and residential buildings to 
provide acceptable vibration performance. 
Optimum sectional configuration and material properties for static performance requirements 
were found to be adequate to provide acceptable vibration performance.  Vibration response 
of HCFPS under walking activities does not exceed the perceptible threshold of VDV that 
was estimated in accordance with BS 6472 [14]. Satisfying this criterion provides further 
confirmation that HCFPS can achieve acceptable vibration response under human induced 
loads. 
Density of PU core can be maintained at 100 kg/m3 for all HCFPS panels with acceptable 
vibration performance. PU core is subjected to low stress but provides integrity of the HCFPS 
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section as an infill material for the GRC. Alternative materials, which can maintain overall 
integrity of the HCFPS section, can be used instead of PU core, if necessary.  
Acceptable performance for lager spans can be achieved by changing component material 
properties and section configurations. 
Component materials make the HCFPS light-weight, easy to construct, economical, 
demountable, recyclable and reusable floor system. Light-weight prefabricated HCFPS 
facilitates the transport, handling and erection process. Hence, HCFPS can be used as a viable 
alternative for conventional floor systems. 
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